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Drosophila	Name	 Mammalian	Name	 Function	 Reference	aPKC	 PKC	ι	,	𝛇	 Maintains	domain	through	repression	of	L(2)gl	and	Par1	(Mark1)	through	phosphorylation	 [4,58,63–65,68,69,76]	
Bazooka	 Par3B	 Multiple	PDZ	domain	protein	that	serves	as	a	dynamic	regulator	of	aPars,	apical,	and	lateral	complexes	 [4,22,62–65,72]	Cdc42	 Cdc42	 Rho	family	GTPase	that	binds	Par6	and	can	associate	with	the	plasma	membrane,	is	required	for	aPar	localization	 [4,22,64,67,70]	Par6	 Par6	𝛂,	𝛃,	𝛄	 Central	scaffolding	aPar	that	binds	Par3,	aPKC,	and	Cdc42	 [4,22,64,66,67,86]	
Pbl	 Ect2	 Rho	family	Guanine	Exchange	Factor	that	activates	Rho-1	 [2,4,59,71]	
Rho1	 RhoA	 GTPase	that	is	a	positive	regulator	of	myosin,	generally	associated	with	the	aPar	complex	 [2,4,59,71]	
Lgl	 Lgl	1,2	 Inhibits	aPars	by	binding	Par6	and	aPKC	to	form	a	cytosolic	complex,	localizes	with	Par1	 [4,37,74,75,77,78]	
Par1	 Mark1	 Ser/Thr	kinase,	removes	Par3	from	plasma	membrane	through	phosphorylation,	contains	lipid	binding	domain	 [4,58,79,80,84]	Lkb1	 Stk11	 Ser/Thr	kinase,	master	kinase	that	can	activate	Par1,	cytoplasmic	localization	 [4,22,82–84]	

































	 Drosophila	Name	 Mammalian	Name	 Function	 Reference	Gαi	 Gαi	 Binds	plasma	membrane,	also	binds	Pins	via	Go-loco	motifs,	helps	anchor	Pins	at	cortex	 [17,39,91–93,97,98,103–105]	Mud	 NuMA	 Mediates	dynamic	interaction	binding	Pins	to	Dynactin	at	the	cortex	 [17,38,39,91,92,95,98,109–111]	
Inscuteable	 Inscuteable	 Binds	aPars	and	competes	with	NuMA	to	bind	Pins	TPR	repeats,	translating	polarity	cue	 [17,95,100–102,134]	
Pins	 LGN	 Connects	Dynein	to	cortex	through	dynamic	interactions	of	aPars,	Insc,	NuMA,	and	Dynactin	 [17,39,91–96,98,109]	
Disks	Large	 Dlg	1-4	 Mediates	MT	capture	via	Khc-73	and	cortical	targeting	through	binding	of	phosphorylated	Pins	 [24,39,93,106,112,113]	Khc-73	 KIF13B	 Localizes	to	MT	plus	ends	and	binds	Dlg	 [24,93,113]	
Aurora	 Aurora	A	 Phosphorylates	Pins	to	activate	MT	capture	pathway	at	the	cortex	 [106–108]	
BicD	 BicD2	 Dynein	cofactor	that	activates	non-processive	dynein	to	processive	through	binding	cargo	and	dynein/dynactin	complex		 [40,118,119]	Dynactin	complex	 Dynactin	complex	 Large	multi-subunit	interacting	protein	that	binds	Dynein	and	NuMA	 [40,121]	Dynein	complex	 Dynein	complex	 Minus	end	directed	MT	motor	protein,	binds	Dynactin	to	mediate	interactions	with	NuMA	 [41,42]	
CLIP-190	 CLIP-170	 Transports	the	Dynein/Dynactin	complex	to	the	cortex	by	associating	with	MT	plus	ends	 [43,122,123]	
Nudel	 Ndel1	(NudE)	 Promotes	recruitment	of	Dynactin	to	Dynein	through	facilitation	of	Lis1/Dynein	interaction	 [40,120,124–126]	









Table	3:	Table	of	Polarity	Complex	Proteins	List	of	genes	identified	through	in	silico	searches	for	Polarity	Complex	proteins	that	influence	the	establishment	of	cell	polarity	through	protein	complexes	usually	found	in	epithelial	systems	(related	to	Figures	6,	7).	Table	includes	gene	names	and	functions	that	have	been	shown	in	various	model	organisms.		 Drosophila	Name	 Mammalian	Name	 Function	 Reference	Crumbs	 Crumbs	1-3	 A	large	transmembrane	protein	that	dynamically	replaces	the	aPar	complex	to	establish	apicobasal	polarity	 [27,28,137–141]	PatJ	 PatJ	 Required	for	stability	of	the	Crumbs	complex	via	binding	to	Pals1	 [27,28,141,148,149]	
Stardust	 Pals1	 Recruited	to	the	cortex	via	Bazooka,	competitively	binds	Crumbs	to	stabilize	complex,	recruits	PatJ	and	Lin7	 [27,28,145–147]	Lin7	 Lin7	 Recruited	to	the	Crumbs	complex	as	a	core	component	 [27,142–144]	
PTEN	 PTEN	 Phosphatase	that	converts	PIP3	to	PIP2,	PIP2	enrichment	is	located	in	the	apical	domain	where	it	interacts	with	apically	localized	proteins	for	domain	maintenance	 [28,155,156]	Coracle	 EPB41	1-3	 Core	component	of	Septate	Junctions	that	stabilize	the	basolateral	domains,	Cora	binds	Neurexin	IV	(TM	protein)	 [44,157–160]	
Yurt	 EPB41	4-5	 Negative	regulator	of	the	Crumbs	complex	via	binding	of	Crumbs	cytoplasmic	tail,	cooperates	with	Cora	to	regulate	basolateral	domain,	also	binds	Neuroglian	(TM	protein)	 [44,158,161–163]	Scribble	 Scribble	 Basolateral	polarity	regulator	that	influences	PCP	componenets,	retromer	trafficking	and	Crumbs,	and	complexes	with	Lgl	and	Dlg	 [29–31,36,164–166]	Na/K	ATPase	 Na/K	ATPase	 Binds	Cora	and	serves	as	a	core	component	of	Septate	Junctions	 [158,167–169]	
Caspr	1,2	 Neurexin	IV	 Core	component	of	Septate	Junctions	(TM	protein),	binds	Cora	through	its	intracellular	domain,	cooperates	with	Yurt	to	establish	and	maintain	basolateral	polarity	 [158,170–173]	Neuroglian	 Neurofascin	 Binds	Yurt	and	forms	a	component	of	Septate	Junctions,	Glial	localized	binding	partner	for	paranodal	complex	at	Nodes	of	Ranvier	 [174–176]	Numb	 Numb	 Asymmetrically	localized,	antagonized	by	aPKC,	and	Notch	signalling	inhibitor	 [177–180]	





























































Table	4:	Table	of	Cell	Adhesion	Proteins	List	of	genes	identified	through	in	silico	searches	for	Cell	Adhesion	proteins	that	influence	the	establishment	and	maintenance	of	cell	polarity	through	cell-cell	contact	(related	to	Figure	8).	Table	includes	gene	names	and	functions	that	have	been	shown	in	other	model	organisms.		 Drosophila	Name	 Mammalian	Name	 Function	 Reference	Classical	Cadherin	 Classical	Cadherin	 Major	component	of	AJs,	typically	homophilic	adhesion,	clusters	with	Nectins	at	Ajs,	can	interact	with	Wnt	signalling	receptors	 [198,201–204]	Echinoid	 Hemicentin	1,2	 Ig	cell	adhesion	molecule,	homophilic	adhesion,	required	for	upstream	for	the	formation	of	primordial	AJs	 [199,200,206,209]	
Canoe	 Afadin	 Binds	Nectin	intracellularly	and	serves	as	the	adpater	that	connects	Nectin	to	the	actin	cytoskeleton,	requied	for	the	formation	of	AJs	 [187,207,208,210–212]	
Strabismus	 Van	Gogh	Like	1-2	(Vangl)	 4	pass	TM	core	PCP	component	that	binds	Frizzled,	Vangl	accumulates	proximally	and	anteriorly,	requires	Flamingo/Starry	Night	 [32,33,35,220–226]	Fat	 Fat	1-4	 Core	PCP	component	that	binds	Dachsous,	accumulates	proximally	in	Ft-Ds	gradient	signalling	 [32–34,213–218]	Dachsous	 Dachsous	1,	2	 Core	PCP	component	that	binds	Fat,	accumulates	distally	in	Ft-Ds	gradient	signalling	 [32,33,214–216,218,219]	
Flamingo/Starry	Night	 Celsr	1-3	
7	pass	TM	core	PCP	component	that	is	required	for	proper	recruitment	of	Flamingo/Starry	Night	and	Frizzled,	is	not	polarized	and	exhibits	homophilic	adhesion	 [32,33,35,227–232]	Four-jointed	 Four-jointed	box	protein	1	 Phosphorylates	Fat	and	Dachsous	in	the	Golgi	apparatus	to	regulate	PCP	 [32,33,215,217,234–237]	Latrophilin	(CIRL)	 Latrophilin	1-3	 Presynaptic	adhesion	GPCR	that	binds	Teneurins	and	FLRTs	(both	are	post	synaptic)	 [242–245]	Teneurin	a,m	 Teneurin	1-4	 Post	synaptic	TM	binding	parter	of	Latrophilin	1	 [244,246–250,270]	
Neurexin	IV	 Caspr	1,2	 Core	component	of	Septate	Junctions	(TM	protein),	binds	Cora	through	its	intracellular	domain,	cooperates	with	Yurt	to	establish	and	maintain	basolateral	polarity	 [158,170–173]	







Table	4	continued	 	 	 	Drosophila	Name	 Mammalian	Name	 Function	 Reference	Contactin	 Contactin	 GPI	anchored	protein	that	forms	part	of	the	paranodal	adhesion	complex	 [176,238–240]	
Neuroligin	 Neuroligin	 Asymmetrically	expressed	on	the	post	synaptic	terminal	in	neurons,	binds	classical	neurexins,	can	dimerize	(homo	or	hetero),	and	clustering	has	been	shown	in	certain	cell	types	 [256–263]	
-	 Protocadherin	11x	 Negatively	regulates	dedritic	branching	in	neurons,	promotes	neuronal	stem	cell	proliferation	and	suppresses	differentiation	 [251–255]	Magi	 Magi	1-3	 Intracellular	scaffolding	binding	parter	of	Neuroligin	at	synapses,	maintains	AJs	and	apical	domain	in	Drosophila	 [264–269]	
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Figure	9:		 Validation	of	maternal	ACD	transcript	levels	in	oocytes	and	zygotes	Expression	levels	in	FPKM	at	2	hpf	of	selected	ACD	components	in	P.	dumerilii	zygotes	based	on	RNA-seq	are	shown	on	the	left.	WMISH	of	selected	ACD	transcripts	in	mature	oocytes/unfertilized	eggs	(0	hpf;	upper	row)	and	zygotes	(2hpf;	lower	row)	are	shown	on	the	right.	Importantly,	WMISH	procedures	including	timing	of	substrate	development	and	washes	were	performed	simultaneously	for	0	and	2	hpf	specimen	for	each	individual	probe	to	ensure	comparability	of	staining	intensities	between	both	stages.		In	oocytes,	transcripts	are	concentrated	in	the	clear	cytoplasm	surrounding	the	oocyte	
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pronucleus.	In	zygotes	transcripts	are	localized	in	the	clear	cytoplasm	at	the	animal	pole	after	ooplasmic	segratation	(compare	to	Figure	1).	Every	tested	gene	exhibits	similar	or	higher	expression	levels	in	oocytes	than	zygotes	validating	the	RNA-seq	data	at	2hpf,	and	confirming	the	high	maternal	contribution	for	each	ACD	transcript.		fertilization	(ooplasmic	segregation;	see	Figure	1),	the	central	clear	cytoplasm	in	the	unfertilized	egg	is	redistributed	and	accumulates	in	a	yolk	free	area	at	the	animal	pole	in	the	2	hpf	zygote	[14].	In	mature	oocytes	(0	hpf),	most	transcripts,	including	ones	encoding	ACD	components,	localize	to	this	central	clear	cytoplasm	surrounding	the	maternal	pronucleus.	However,	transcripts	for	ACD	components	in	2	hpf	zygotes	are	more	ubiquitously	distributed	with	a	preference	for	the	clear	cytoplasm	that	has	segregated	towards	the	animal	pole.	These	results	suggest	that	transcripts	for	ACDs	are	present	from	maternal	sources	at	high	levels.	In	summary,	these	results	suggest	that	the	high	levels	for	transcripts	of	ACD	components	at	2	hpf	are	indeed	maternally	provided	transcripts,	inherited	from	the	oocyte.	Likewise,	the	results	also	suggest	that	the	actual	maternal	transcript	levels	at	0	hpf	are	similar	or	even	higher	than	the	ones	reported	at	2	hpf	by	RNA-seq.	Thus,	our	presented	study	demonstrates	that	an	extensive	machinery,	to	potentially	execute	ACDs,	is	maternally	provided	in	P.	dumerilii.	The	identification	of	the	components	in	this	study	will	provide	a	roadmap	to	functionally	dissect	their	contribution	to	the	molecular	mechanism	for	ACDs	during	the	spiral	cleavage	program.		 	
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CHAPTER	4:	DISCUSSION	
Survey	of	ACD	components	in	the	spiralian	annelid	P.	dumerilii	The	presented	survey	for	ACD	components	in	the	spiralian	annelid	P.	dumerilii,	based	on	stage	specific	RNA-seq	data,	identifies	(1)	a	highly	conserved	metazoan	ACD	gene	set	encoded	in	the	P.	dumerilii	genome,	and	demonstrates	(2)	the	presence	of	most	of	these	components	as	highly	expressed	transcripts	in	the	one	cell	stage	embryo.	Thus,	a	full	complement	of	ACD	machinery	including	components	to	establish	cortical	domains,	spindle	orientation,	cell	polarity	and	various	adhesion	complexes	are	in	place	to	execute	the	elaborate	spiralian	cleavage	program.	We	suggest	that	the	high	maternal	contribution	of	each	ACD	transcript	constitutes	a	‘maternal	transcriptional	ACD	signature’	present	within	this	spiralian	egg.	We	speculate	that	this	maternal	provision	is	a	requirement	for	the	rapid	execution	of	the	subsequent	asymmetric	mitotic	cell	divisions,	generating	the	iconic	spiral	cleavage	pattern	(Figure	10).		
Asymmetric	cell	division	in	other	spiralians	To	the	best	of	our	knowledge,	no	comprehensive	survey	of	ACD	genes	has	been	conducted	in	any	spiralian	species.	Previously,	some	studies	have	illuminated	certain	aspects	of	ACDs	in	spiralians.		In	the	leech	Helobdella	robusta,	Par	network	proteins	have	been	implicated	in	ACD	mechanisms	[271,272].	The	asymmetric	localization	of	Par1	and	Par6	in	the	zygote	is	consistent	with	a	potential	role	of	the	Par	complex	symmetry	breaking	mechanism	during	the	first	mitotic	cell	division	[272].	Also,	Cdc42	has	been	shown	to	be	involved	in	ACDs	in	later	stages	[271].	Lambert	and	colleagues	(2007)	discovered	a	novel	mechanism	that	asymmetrically	segregates	RNA	transcripts	
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Figure	10:		 ACD	transcripts	in	the	spiralian	egg	and	embryo	(a-d)	Schematic	illustrations	of	early	embryonic	stages,	the	mature	oocyte	(a),	the	zygote	after	ooplasmic	segration	(b),	prophase	of	the	first	mitotic	cell	division	(c),	and	2-cell	stage	(d).	Compare	to	Figure	1	and	2	for	details.	(a)	The	oocyte	is	loaded	with	centrally	located	mRNA	transcripts	(red)	encoding	ACD	components.	(b)	Upon	fertilization	ACD	transcripts	within	the	clear	cytoplasm	relocate	towards	the	animal	pole	in	the	wake	of	the	cytoplasmic	rearrangement	within	the	zygote.	(c,	d)	Hypothetical	mechanism	for	ACDs	in	spiralians.		Maternal	ACD	components	form	cortical	domains,	set	up	polarity	cues,	and	generate	asymmetries	in	orientation	and	architecture	of	the	first	mitotic	spindle	prior	to	the	first	cell	division.	Maternally	provided	ACD	components	provide	the	cellular	machinery	to	perform	the	ACDs	during	early	development	generating	the	precise	cell	size	asymmetries	and	spiral	arrangements	of	embryonic	cells	in	spiral	cleaving	embryos.		in	the	snail	Illyanassa	obsoleta.	During	ACDs	following	the	four-cell	stage,	3-4%	of	transcripts	localize	and	segregate	asymmetrically	to	interphase	centrosomes	[273].	Although	this	mechanism	might	be	a	potent	driver	for	ACD	and	cell	fate	specification	in	
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this	early	spiral-cleaving	embryo,	it	is	currently	unknown	whether	other	spiralian	embryos	use	asymmetric	mRNA	segregation.	It	is	also	not	known	how	transcript	segregation	might	be	related	to	the	more	broadly	conserved	ACD	machinery	including	the	activity	of	Par	gene	networks	outside	of	C.	elegans	[37,274].		
Asymmetric	cell	divisions	in	P.	dumerilii		Previous	work	in	P.	dumerilii	and	closely	related	nereid	species	have	described	ACDs	in	P.	dumerilii	focusing	on	the	remarkable	invariant	cell	size	asymmetries	[14],	stereotypic	mitotic	spindle	orientations	[13,14,275],	and	the	establishment	of	polarity	of	egg	and	zygote	[20].	Schneider	and	Bowerman	(2007)	discovered	a	binary	β-catenin	mediated	cell	fate	specification	mechanism	that	operates	after	every	cell	division	in	early	stage	P.	dumerilii	embryos	to	distinguish	animal-pole	versus	vegetal-pole	daughter	cell	fates	[21].	Whether,	and	how,	the	maternal	ACD	machinery	identified	in	this	survey	is	involved	in	and	linked	to	the	establishment	of	early	zygote	polarity	is	unknown.	Similarly,	the	subsequent	asymmetric	spiral	cleavage	divisions	including	the	asymmetric	binary	β-catenin	switches	is	also	unknown	and	will	be	an	important	target,	and	fertile	ground,	for	future	investigations.		
High	maternal	contribution	of	ACD	components:	a	general	phenomenon?	One	of	the	central	discoveries	of	this	survey	is	the	high	maternal	contribution	of	most	ACD	components	within	the	P.	dumerilii	egg	and	zygote	as	shown	by	RNA-seq	and	WMISH.	Although	not	unexpected,	similar	data	has	not	been	shown	for	other	model	species.	We	suggest	a	closer	investigation	and	quantification	of	transcript	and	protein	
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levels	in	eggs	and	early	embryos	may	be	important	to	define	similar	and	divergent	features	of	various	metazoan	eggs.	How	similar	is	the	content	of	various	eggs	and	how	do	they	differ?	The	bias	for	certain	transcripts	in	eggs	for	differing	species	will	certainly	be	informative	for	the	understanding	of	diverse	reproductive	strategies.	Transcript	biases	will	also	shed	light	on	any	‘specializations’	and/or	unique	‘signatures’	reflecting	the	adaptations	of	egg	content.		In	P.	dumerilii	the	mitotic	asymmetric	cell	divisions	occur	rapidly,	approximately	every	20	to	40	minutes	[14,20],	starting	after	completion	of	the	meiotic	cell	divisions	at	2	hpf	and	continuing	well	beyond	the	~330	cell-stage	at	14	hpf	[14,20]	(Figure	2d).	Therefore,	a	high	maternal	contribution	of	ACD	transcripts	may	establish	a	requirement	for	the	rapid	ACDs	during	early	spiral-cleavage	stages	within	P.	dumerilii.	Indeed,	most	ACD	transcripts	are	expressed	at	exceptionally	high	values	including	the	main	Par	polarity	network	transcripts	l(2)gl	and	par4,	spindle	orientation	transcripts	numa,	dlg,	and	gαi,	and	polarity	complex		transcripts	crumbs,	cora,	yurt,	and	neurexin	IV.	Cell	adhesion	components	such	as	pcd11x,	afadin,	neuroglian,	neuroligin,	and	contactin	are	all	expressed	above	135	FPKM	at	2	hpf,	and	are	among	the	400	highest	expressed	transcript	species	in	the	P.	dumerilii	zygote	[45].	Closer	investigation	revealed	that	transcripts	encoding	other	cellular	machinery	implicated	in	rapid	embryonic	cell	divisions	including	components	of	the	cell	cycle,	and	β-catenin	switch,	are	also	found	in	this	category	(Schneider,	unpublished	observation).	The	data	is	consistent	with	observations	that	the	transcriptional	levels	for	embryonic	cyclins	are	very	high	in	other	species	(for	a	general	review	see	[276]).	Thus,	we	suggest	that	this	maternal	
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transcriptional	signature	of	ACDs	identifies	the	P.	dumerilii	egg	as	a	specialized	cell	that	is	primed	for	fast	ACD	through	high	expression	of	ACD	components.	
	
Fast	removal	of	maternal	ACD	transcripts	Although	the	maternal	level	of	most	ACD	components	in	the	P.	dumerilii	zygote	is	high,	possibly	indicating	a	requirement	for	fast	ACD,	the	transcript	levels	for	most	drop	dramatically	between	2	hpf	and	4	hpf,	at	a	time	when	the	first	ACDs	are	underway.	Therefore,	the	ACD	transcript	levels	decline	sharply	before	most	ACDs	have	occurred	in	
P.	dumerilii.	This	shows	that	lower	levels	of	ACD	transcripts	are	sufficient	to	support	later	embryonic	ACDs.	Lower	transcript	levels	may	also	indicate	that	a	larger	pool	of	early	synthesized	ACD	proteins	exists	before	the	spiral	cleavage	stages	can	execute	subsequent	ACDs	in	later	stages.	Indeed,	one	can	distinguish	two	groups	of	ACD	transcripts	based	upon	their	depletion	profile.	One	group	exhibits	very	steep	decline	in	transcript	levels	by	a	factor	of	>5	between	2	hpf	and	4	hpf,	and	includes	numa,	pcd11x,	celsr1,	magi2,	afadin,	and	
teneurin.	It	is	tempting	to	speculate	that	the	fast	removal	of	transcripts	of	the	first	group	might	point	to	a	specific	requirement	for	their	removal	e.g.	a	certain	cellular	or	pattering	mechanism	may	depend	on	the	rapid	depletion	of	these	transcript	species	to	ensure	that	development	proceed	properly.	The	second	group	of	high	maternal	transcripts	exhibits	a	much	slower	decline	during	early	cleavage	stages,	and	includes	all	Par	polarity	network	transcripts,	scribble,	spindle	orientation	dynamic	complex	components,	and	several	cell	recognition	components.	The	slow	rate	of	decline	may	
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point	to	more	general	or	diverse	functions	required	to	execute	ACDs	during	early	development.	The	two	described	categories	for	maternal	transcript	removal	may	also	define	different	mRNA	clearance	mechanisms	operating	in	the	early	P.	dumerilii	embryo	[45].	Clearance	of	maternal	transcripts	has	been	found	to	be	a	crucial	and	characteristic	mechanism	for	the	maternal-to-zygotic-transition	in	developing	metazoan	embryos	[277].	However,	although	clearance	mechanisms	have	been	studied	to	some	extent,	general	patterns	based	on	genome-wide	data	are	just	emerging	[277].	To	our	knowledge	our	study	is	the	first	example	that	points	to	transcripts	for	ACD	components	as	potential	targets	for	mRNA	clearance	during	early	embryogenesis.		
Early	zygotic	transcription	of	key	ACD	components	Conspicuously,	some	key	ACD	components	exhibit	early	onset	of	zygotic	expression.	This	implicates	a	contribution	for	specific	regulatory	functions	in	ACD	complexes	timed	by	their	onset	of	expression	in	P.	dumerilii	embryos.	These	transcripts	exhibit	high	to	moderate	maternal	contribution	including	rho1,	cdc42,	lin7,	and	
neuroligin,	and	others	with	no	or	very	low	maternal	contribution	including	ndel1	and	
four-jointed,	all	of	which	show	an	increase	in	transcript	level	between	2	hpf	and	4	hpf.	Transcript	levels	for	others	increase	from	4	hpf	to	6	hpf	including	par3a,	magi2,	
neurexin	IV,	and	four-jointed.	P.	dumerilii	embryos,	during	this	time-period,	conduct	the	third	and	fourth	set	of	ACDs	to	establish	the	animal-pole	and	vegetal-pole	cell	lineages,	including	the	micromeres	1a-1d,	and	the	macromeres	1A-1D,	respectively.	These	increases	in	transcript	levels	coincide	with	cell	polarities	and	asymmetries	that	
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generate	the	early	spiral	cleavage	pattern.	Furthermore,	other	ACD	transcripts	increase	expression	from	6	hpf	to	8	hpf	including	insc,	pins,	aurora	a,	celsr1,	and	magi2.	Thus,	several	ACD	components	exhibit	early	onset	of	gene	expression	with	the	potential	to	serve	as	key	regulators	of	ACD	functions	during	early	cleavage	stages.	Interestingly,	early	zygotic	transcription	occurs	prior	to	the	broad	activation	of	zygotic	transcription	that	has	been	suggested	to	represent	the	maternal-to-zygotic	transition	in	the	P.	
dumerilii	embryo,	between	8	hpf	and	10	hpf	[45],	further	implicating	the	regulatory	roles	of	these	genes.	A	specific	example,	for	a	conspicuous	interplay	of	expression	of	ACD	complex	components,	is	the	force-generating	machinery	implicated	in	spindle	orientation	(see	Figure	5b).	Transcript	levels	encoding	motor	proteins	of	the	Dynein/Dynactin	complex	are	high	at	2	hpf,	reduce	at	4	hpf,	and	increase	at	6	hpf	(dynactin	complex),	or	8	hpf	(dynein	heavy	chain).	Three	transcript	levels	for	known	Dynactin	coactivators	lis1,	
bicd2,	and	aurora	a	are	high	at	2	hpf,	steadily	decline	to	6	hpf,	and	increase	at	8	hpf	(aurora	a)	and	10	hpf	(lis1	and	bicd2).	By	contrast,	expression	levels	for	another	essential	Dynactin	cofactor,	ndel1,	is	low	at	2	hpf	followed	by	a	steady	increase.	Therefore,	the	suspicious	differences	in	expression	profiles	between	components	of	this	particular	cell	machinery,	during	early	embryogenesis,	may	point	to	Ndel1	as	a	key	regulator,	warranting	a	targeted	investigation	for	its	potential	role.	A	second	specific	example	is	the	Crumbs	complex,	implicated	in	establishing	cell	polarity	and	the	formation	of	immature	adhesive	structures	(see	Figure	6e).	The	Crumbs	complex	components	including	crumbs,	patj,	and	pals1/stardust	all	exhibit	a	similar	expression	pattern	in	P.	dumerilii,	including	high	maternal	contribution	followed	
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by	a	steady	decrease.	Standing	out	is	the	early	zygotic	expression	of	lin7	showing	a	dramatic	increase	from	below	80	to	above	120	FPKM	between	2	hpf	and	4	hpf.	This	atypical	profile	may	identify	Lin7	as	a	key	regulatory	factor	within	the	highly	conserved	Crumbs	complex	and	a	worthy	target	for	subsequent	studies.		
Scarce	ACD	transcripts:	missing	ACD	components?	Several	component	that	are	essential	for	ACD	functions	in	other	model	systems	[2,4,39]	including	Par	network	protein	Par1,	and	spindle	orientation	component	Pins,	exhibit	very	low	expression	levels	during	early	time	points	in	P.	dumerilii	embryos.	Transcript	levels	for	par1	and	pins	do	not	increase	above	2	FPKM	during	early	cleavage	stages.	Considering	that	par1	is	present	at	low	levels	and	has	been	confirmed	by	PCR	with	2	hpf	cDNA	(data	not	shown),	we	suggest	that	Par1	has	a	minor	function,	is	required	in	low	concentrations,	could	have	been	replaced	by	an	unknown	mechanism,	or	serves	as	the	rate	limiting	step.	For	Pins,	with	its	known	pivotal	role	in	linking	polarity	cues	to	spindle	orientation	machinery	in	Drosophila	neuroblasts	[93],	we	suggest	that	P.	dumerilii	may	exhibit	a	Pins	independent	mechanism	as	found	in	
Drosophila	imaginal	wing	disc	epithelium	development	[278].	Not	surprisingly,	P.	dumerilii	does	not	encode	a	Par2	ortholog,	a	prominent	posterior	Par	network	component	in	early	C.	elegans	embryos.	Although	we	cannot	exclude	the	possibility	that	highly	derived	versions	exist	that	escape	bioinformatic	detection,	Par2	has	not	been	identified	outside	of	closely	related	nematodes.	Based	on	a	minor,	but	overlapping	role	of	Lgl	in	posterior	domain	establishment	in	C.	elegans	[61],	and	Lgl’s	dominant	posterior	role	replacing	Par2’s	function	in	Drosophila	embryos	
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[4,37,75,77],	we	suggest	that	the	prominent	expression	of	l(2)gl	may	point	to	a	similar	replacement	scenario	in	P.	dumerilii.			
Similarity	in	expression	domains:	Co-expression	of	ACD	components	The	comparison	between	the	seven	stages	investigated	by	RNA-seq	in	this	study	provide	only	limited	insights	to	coexpressed	groups	of	genes	based	on	expression	profiles.	However,	several	sets	of	transcripts	display	conspicuous	similarity	in	developmental	regulation	when	compared	to	components	within	the	same	complex.	These	include	the	Crumbs	complex,	as	discussed	above,	to	a	limited	extent	the	anterior	(par3b,	par6)	and	posterior	Par	complex	(par4,	l(2)gl),	the	dynactin	complex,	cora	and	
yurt,	and	several	components	of	the	PCP	pathway	including	vangl,	fat,	dachsous,	and	
celsr1.	Other	striking	examples	are	neuroglian	and	contactin,	and	also	latrophilin	and	
teneurin,	both	pairs	of	which	have	been	described	as	directly	interacting	binding	partners	[175,243].	Therefore,	we	suggest	that	the	observed	similar	regulation	of	gene	expression	in	P.	dumerilii	might	suggest	similar	roles	for	these	co-expressed	components	within	conserved	complexes;	executing	functions	that	have	been	previously	described	in	other	models.		
	
Neural	cell	recognition	complexes	in	early	embryogenesis	Interestingly,	this	study	discovered	the	maternal	contribution	and	co-expression	of	cell	adhesion	related	genes	whose	function	has	previously	only	been	described	in	the	nervous	system.	These	include	genes	that	comprise	a	potential	cell	recognition	code	including	several	extracellular	recognition	partners,	the	co-expressed	genes	neuroglian,	
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contactin,	and	neurexin	IV	known	to	work	together	between	myelin	sheaths	and	axons	at	the	paranodal	region,	and	latrophilin	and	its	binding	partner	teneurin	[173,175,243,244].	It	is	curious	that	many	of	these	‘specialized’	cell	recognition	proteins,	with	well-described	neuronal	functions,	are	expressed	with	the	same	characteristic	patterns	as	other	ACD	components	and	polarity	regulators.	In	fact,	neurons	are	also	extremely	polarized	and,	by	design,	express	proteins	in	a	highly	asymmetric	fashion	between	axons,	dendrites,	and	glial	cells	[175,279].	This	study	describes	the	expression	of	those	same	transcripts	in	an	early	embryonic	context,	and	it	is	tempting	to	speculate	that	they	contribute	to	potential	mechanisms	for	embryonic	cells	to	orient	themselves.	Furthermore,	the	prominent	early	embryonic	expression	of	components	that	comprise	neuronal	recognition	systems	may	suggest	an	evolutionarily	older	general	embryonic	function	to	facilitate	embryonic	polarity	and	adhesion;	which	were	later	co-opted	and	optimized	to	generate	neuronal	polarity	functions	in	the	evolving	brain.		
Conclusion	Our	survey	for	various	ACD	and	adhesion	components	in	P.	dumerilii,	and	the	establishing	of	their	stage	specific	expression	profiles	during	early	spiral	cleavages	by	RNA-seq	enabled	us	to	determine	a	comprehensive	inventory	and	quantify	their	presence	in	early	P.	dumerilii	embryos.	Remarkably,	most	components	are	highly	maternally	provided	suggesting	a	requirement	for	this	spiralian	egg	to	contain	most	of	the	ACD	components	for	the	subsequent	rapid	succession	of	ACDs	in	spiralian	development.	Additionally,	comparison	of	expression	profiles	of	the	ACD	machinery	
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enabled	a	systems-level	analysis	of	each	contributing	module	identifying	several	key	regulatory	components	that	are	zygotically	expressed,	and	others	that	are	absent.	Intriguingly,	several	cell	adhesion	modules	including	the	PCP	pathway	and	several	neuronal	recognition	system	complexes,	are	highly	maternally	provided;	also	suggesting	early	embryonic	functions	in	this	spiral-cleaving	embryo.	Therefore,	this	survey	of	ACD	components	may	serve	as	a	fertile	ground,	and	starting	point,	to	investigate	the	particular	contribution	of	each	ACD	module	for	their	ability	to	execute	the	spiral	cleavage	program,	and	to	generate	the	accuracy	in	cell	size	asymmetries,	cell	position,	and	cell	fate	specification	including	its	link	to	the	global	asymmetric	β-catenin-mediated	cell	fate	specification	module	in	the	P.	dumerilii	embryo.		 	
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APPENDIX	A:	SUPPLEMENTAL	FIGURE	1	
Additional	File	1:	Figure	S1.	Late	stage	in	situs—48	hour	
	
Figure	S1:		 	Late	stage	WMISH	for	genes	shown	in	Figure	9	at	48	hpf.		 	
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APPENDIX	B:	LIST	OF	ADDITIONAL	FILES	
Additional	File	2:	Table	S1.	Gene	Ontology	Search	Query:	Cell	Polarity	
Genes	List	of	all	genes	and	expression	profiles	for	time	points	0-14	hpf	generated	for	a	GO	Search:	Cell	Polarity	(related	to	Figures	3,	5-8).	Search	hits	are	generated	for	the	Biological	Process	GO	category	that	contains	a	Cell	Polarity	annotation.	The	table	was	organized	by	sorting	the	2	hpf	FPKM	expression	values	from	large-to-small.	All	values	below	1	FPKM	at	2	hpf	were	excluded.	The	expression	profiles	and	the	annotation	information	based	on	the	BLAST	results	against	the	Swiss-Prot	database	are	also	included.	
	
Additional	File	3:	Table	S2.	Gene	Ontology	Search	Query:	Cell	Adhesion	List	of	all	genes	and	expression	profiles	for	time	points	0-14	hpf	generated	for	a	GO	Search:	Cell	Adhesion	(related	to	Figures	6-8).	Search	hits	are	generated	for	the	Biological	Process	GO	category	that	contains	a	Cell	Adhesion	annotation.	The	table	was	organized	by	sorting	the	2	hpf	FPKM	expression	values	from	large-to-small.	All	values	below	1	FPKM	at	2	hpf	were	excluded.	The	expression	profiles	and	the	annotation	information	based	on	the	BLAST	results	against	the	Swiss-Prot	database	are	also	included.		
Additional	File	4:	Table	S3.	Gene	Ontology	Search	Query:	Cell	Junction	List	of	all	genes	and	expression	profiles	for	time	points	0-14	hpf	generated	for	a	GO	Search:	Cell	Junction	(related	to	Figures	6-8).	Search	hits	are	generated	for	the	
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Biological	Process	GO	category	that	contains	a	Cell	Junction	annotation.	The	table	was	organized	by	sorting	the	2	hpf	FPKM	expression	values	from	large-to-small.	All	values	below	1	FPKM	at	2	hpf	were	excluded.	The	expression	profiles	and	the	annotation	information	based	on	the	BLAST	results	against	the	Swiss-Prot	database	are	also	included.		
Additional	File	5:	FASTA	Files	for	all	gene	sequences,	cloned	sequences,	
and	translated	sequences		 Here	we	present	the	Gene	models	for	ACD	genes	in	Platynereis	dumerilii	that	were	used	to	generate	primers	for	the	cloning	of	gene	fragments	~1kb.	All	genes	were	isolated	from	2	hpf	cDNA	and	fragments	cloned	into	competent	E.	coli.	All	cloned	fragments	were	sequenced	and	verified	by	aligning	the	cloned	sequence	against	the	reference	genome.	Included	are	proposed	translated	sequences	that	were	translated	from	ExPASy	online	translator	http://web.expasy.org/translate/	[54].	Translated	sequences	were	subjected	to	a	reciprocal	BLASTP	(NCBI)	to	verify	conservation	of	a	gene	https://blast.ncbi.nlm.nih.gov/Blast.cgi	[53].			 	
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